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ABSTRACT

Implants treated by sandblasting acid etching (SLA) have been demonstrated to be capable of hastening the
osseointegration process. However, they suffer from some shortcomings, which include contamination by the
grit-blasting materials and residual acid solution, as well as limited satisfaction of certain requirements for oral
use. As an alternative procedure that enables the fabrication of customized implants with complex geometries,
the use of selective laser melting (SLM) to fabricate implants has recently drawn considerable attention. In
the present work, SLM-printed substrates were compared with commercially available SLA-treated plates in
terms of their surface characteristics and biological performance. The wettability and roughness of SLM-printed
substrates were found to be significantly better. Moreover, in vitro evaluations revealed that the SLM surface
facilitated the attachment and proliferation of human bone marrow mesenchymal stem cells (hBMSCs), and
induced accelerated osteogenic progression, as indicated by the observed increased alkaline phosphatase
(ALP) activity, elevated expression of osteo-related mRNA, and intense calcium deposition. Overall, the SLM-
based substrates exhibited suitable cytocompatibility and osteophilic properties, which are expected to enhance
in vivo bone-implant contact and osseointegration. A comprehensively optimized SLM-printed substrate mimics
a more osteophilic environment and affords an alternative means of producing customized implants in oral
implantology.

KEYWORDS: Titanium, Selective Laser Melting (SLM), Sandblasting and Acid Etching (SLA), Osteogenic
Differentiation, Cytocompatibility.

1. INTRODUCTION
Titanium (Ti) is a well-established implant material in den-
tistry owing to its excellent mechanical properties, superior
corrosion resistance, and favorable biocompatibility with
bone.1�2 However, the long-term stability of Ti implants
significantly depends on early and effective osseointegra-
tion, which is in turn substantially determined by the
surface properties of the implant material, including the
topography, chemistry, and wettability.3 Toward inducing
early peri-implant bone formation, a series of surface treat-
ments, such as grit-blasting, acid-etching, and anodization,
have been used to optimize the physical and chemical
properties of implant surfaces.4
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Among these methods, sandblasting acid etching (SLA)
treatment is a relatively simple and effective tech-
nique and has been successfully employed clinically for
decades.4 An SLA-treated surface with suitable rough-
ness and micro/nano-textures, which guarantee a stable
bone-implant interface, has been demonstrated to enhance
in vitro cellular response and in vivo bone formation.5

However, contamination by the grit-blasting material (e.g.,
Al2O3 particles) and residual acid solution on the implant
surface may hamper the osseointegration process.6 More-
over, commercially available standard SLA implants which
are produced by traditional processing technologies such
as casting and forging, only come with cylindrical or
tapered geometries with limited lengths and diameters.
They thus do not always satisfy individual oral conditions.7

Recently, selective laser melting (SLM), which is one
of the emerging metal-based additive manufacturing (AM)
techniques, has attracted considerable interest for use
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in the one-step fabrication of near-net-shaped and cus-
tomized implants based on virtual three-dimensional (3D)
model data. Compared to traditional methods, SLM offers
many advantages relevant to dental implants, including
higher material utilization, minimal machining, shorter
production time, and almost no geometric restriction,
which enables the fabrication of implants with controlled
complex geometry, almost without the need for post-
processing.8�9 In addition, due to its high precision and
excellent performance, SLM promises to afford implants
with comparable or even better mechanical behavior,
including excellent fatigue properties, yield strength, ulti-
mate tensile strengths, and hardness compared to those
processed by traditional methods.10–12 Although slightly
inferior to that of their counterparts prepared by traditional
methods,13 the corrosion resistance of the SLM-based
products, another critical property for their clinical appli-
cation, could be enhanced via adjusting the scan strategies
and build orientations in the process of SLM.14 What’s
more, from a biomimetic viewpoint, SLM-based dental
implants tailored to individual patients not only exhibit
better preservation of hard and soft tissues but also reduce
the rehabilitation time and satisfy the anatomical and func-
tional requirements for dental implants.
Despite the above-mentioned advantages, there is still

the need to ensure that the synthetical properties of
SLM-fabricated components are of acceptable standards.
Although there are many issues needing further investiga-
tion, the first requirement is to evaluate the in vitro bio-
logical performance of SLM-fabricated components before
proceeding to animal studies and clinical tests. To the
best of our knowledge, there has been no previous sys-
tematic experimental study that was dedicated to evalu-
ating the differences between SLM-printed and wrought
SLA-treated Ti substrates, especially with regard to their
biological performance. In the present study, the surface
characteristics, cytocompatibility and osteophilic property
of SLM-based substrates were carefully assessed and com-
pared with those of commercial SLA-treated implants with
known osseointegration and clinical performance, as a
critical step toward the application of SLM-based oral
implants.

2. EXPERIMENTAL SECTION
2.1. Preparation of Titanium Samples
Commercially pure titanium disks (Grade 4, Leiden,
Beijing, China) were polished on one side using a series
of silicon carbide sandpapers (200, 400, 600, 800 and
2000 �m) and then further polished for 3 min using 6 and
1 �m diamond paste. The samples, which were polished
to a mirror finish, were tagged cp-Ti and used as a nega-
tive control. Some of the cp-Ti samples were further sand-
blasted with 250–500 �m Al2O3 particles at 5 bar, and this
was followed by etching for several minutes in a mixture
of hydrochloric and sulfuric acids heated above 100 �C

(proprietary process of Institut Straumann AG). This was
done to produce “sandblasted-large-grit-acid-etched” discs,
which were tagged SLA-Ti.
The employed 3D printing Ti samples, which were pro-

vided by Jing Sun Medical Technology Services LTD.
(Shanghai, China), were manufactured in a selective laser
melting machine (Mlab Cusing R, Concept Laser GmbH,
Lichtenfels, Germany) under an argon atmosphere using
optimized parameters. The parameters used were a laser
power of 100 W, scanning speed of 900 mm/s, spot size of
50 �m, and layer thickness of 30 �m. After fabrication,
the samples were annealed at 1000 �C (10 �C/min) for
1 h and slowly cooled to 70 �C inside the furnace under
an argon shield to eliminate internal stress. These samples
were tagged SLM-Ti.
Each of the above Ti sample types comprised disks

of two sizes, namely, 15× 15× 1 mm (particularly used
for surface characterization, cell counting kit-8 (CCK-8),
immunofluorescence, and alkaline phosphatase (ALP)
assay), and 30×30×1 mm (particularly used for real-time
polymerase chain reaction (PCR) and Alizarin Red S stain-
ing assays). After the surface treatments, all the samples
were ultrasonically cleaned sequentially in acetone, abso-
lute alcohol and distilled water for 20 min each, and then
sterilized in an autoclave at 120 �C for 30 min.

2.2. Surface Characterization
The cp-Ti, SLA-Ti, and SLM-Ti samples were examined
after sterilization by using a variety of surface-sensitive
techniques as described below. The surface morphol-
ogy was examined using a field emission scanning elec-
tron microscope (FE-SEM, JSM-6500 F, JEOL, Tokyo,
Japan) under an acceleration voltage of 20 kV. The sur-
face roughness was determined by separately examining
10 different areas on each sample under a laser scanning
confocal microscope (LSCM, VK-X100K, KEYENCE,
Osaka, Japan). Each sample was scanned to obtain the
3D surface profile. The obtained images were analyzed
using the VK-H1XP software to determine the average
roughness (Ra). In addition, the surface chemical com-
position of each sample was analyzed by X-ray photo-
electron spectroscopy (XPS, Kratos Analytical Ltd., UK).
Both the survey and high-resolution spectra were obtained.
The obtained spectra were curve-fitted using a computer-
assisted Lorentzian–Gaussian peak model. The binding
energies were calibrated by the C 1s hydrocarbon peak
at about 285 eV. A quantitative analysis and curve fitting
were also performed using the CasaXPS software package.
The crystalline structures were examined and compared by
an X-ray diffractometer (XRD-6100, SHIMADZU Corp.,
Kyoto, Japan) using a Cu target as the radiation source
at 40 kV and 100 mA. Diffraction angle (2�� values of
20–60� in steps of 0.02� and a scan speed of 4� 2�/min
were employed. The surface hydrophilicity was evaluated
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by measuring the water contact angle at ambient temper-
ature using a contact angle goniometer (OCA20, DATA-
PHYSICS, Filderstadt, Germany) based on the sessile drop
method. Six distinct spots on three parallel specimens were
used to provide an average and standard deviation for each
sample type.

2.3. Cell Culture and Osteogenic Differentiation
Human bone marrow mesenchymal stem cells (hBMSCs)
purchased from ScienCell (California, America) were cul-
tured in standard tissue culture dishes using a prolifera-
tion medium (PM) consisting of 90% �-minimal essential
medium (�-MEM, Gibco, USA), 10% fetal bovine serum
(FBS, Gibco), and 1% penicillin-streptomycin (Invitrogen,
Carlsbad, CA). The cultures were maintained at 37 �C in a
humidified 5% CO2 incubator (MCO-18AIC, Japan). The
cells were fed every 2 days and passaged at a split ratio of
1:3 upon 90% confluency by exposure to 0.25% trypsin-
EDTA solution (Gibco) for 30 s.

All the Ti discs were then autoclaved, rinsed with sterile
phosphate-buffered saline (PBS), and transferred into new
tissue culture plates. Prior to cell seeding, the specimens
were equilibrated in PM for 10 min. The hBMSCs were
subsequently drop-seeded on the substrates with a density
of 5× 104 cells/mL and incubated statically for at least
1 h to allow cell attachment. After 1 day, the medium
was replaced with an osteogenic-inducing medium (OM),
which was prepared by adding 10−8 M dexamethasone
(DEX, Sigma-Aldrich), 5 �g/mL ascorbic acid (AA,
Sigma-Aldrich), and 10 mM �-glycerophosphate (�-GP,
Sigma-Aldrich) to the PM. The culture medium was
changed every 2 days, with the entire process lasting
21 days. Day 1 was set as the day on which the osteogenic
induction commenced. To compare the osteogenic out-
come, hBMSCs seeded on tissue culture plastic (TCP) and
smooth titanium substrate (cp-Ti) served as the positive
and negative controls, respectively. hBMSCs cultured with
PM was also used as control.

2.4. Immunofluorescence
hBMSCs cultured in PM for 6 and 24 h were sepa-
rately fixed with 4 v/v% paraformaldehyde for 15 min
and permeabilized with 0.1 v/v% Triton X-100 (Solarbio,
Beijing, China) for 5 min at room temperature. Subse-
quently, fluorescein isothiocyanate (FITC)-labeled phal-
loidin (5 �g/mL) and 6-diamidino-2-phenylindole (DAPI,
10 �g/mL) were used to counterstain the F-actin and cell
nuclei, respectively. Each staining step was followed by
three washes in PBS. The stained signals in the cells were
immediately visualized by a laser confocal microscope
(LSM5, Carl Zeiss, Germany).

2.5. Cell Proliferation Assay
After 1, 4, and 7 days of incubation, the disks were
transferred into new 12-well plates to evaluate the cell

proliferation by a cell counting kit-8 assay (CCK-8,
Dojindo, Japan). Briefly, at desired time intervals, CCK-
8 solution was added in each well at a proportion of
1:10 (v/v), followed by 2 h incubation in darkness. There-
after, 100 �L of supernatant from each well was trans-
ferred into new 96-well cell culture plates. The optical
densities (ODs) of the supernatants were measured using
a microplate reader (Model 680, Bio-Rad, Canada) at
450 nm. The average and standard deviation were deter-
mined for six parallel specimens from each supernatant
group.

2.6. Alkaline Phosphate (ALP) Assay
The alkaline phosphatase (ALP) activity of hBMSCs, an
early indicator of osteogenesis, was quantified by an assay
reagent kit (NJJC-BIO, Nanjing, China). Briefly, after 7
and 14 days of cultivation the cell layers were washed
with frozen PBS and scraped off from the surfaces using
200 �L 1% Triton X-100 (lysis solution) per well. After
sonication and centrifugation at 12000 rcf for 30 min,
30 �L of cell lysates was transferred from the wells to
new 96-well plates, and cultivated with a carbonated buffer
solution (50 �L, pH= 10) and substrate solution (4-amino-
antipyrine, 50 �L) at 37 �C for 15 min. Thereafter, 150 �L
of potassium ferricyanide was added to each well, and the
production of p-nitrophenol was checked by measuring the
absorbance at 405 nm. For normalization, the total protein
concentration was determined by means of Pierce BCA
protein assay kits (Thermo, USA) using bovine serum
albumin (BSA) as the standard. The ALP activity was nor-
malized and expressed in terms of the total protein content
(U/gprot). ALP staining was done at desired time inter-
vals using an ALP detection kit (CW-BIO, Beijing, China).
Before the staining, the hBMSCs were fixed for 30 min
using 95% cold ethanol, and this was followed by three
washes in PBS. The staining was done over 15 min in
accordance with the instructions of the kit manufacturers.
Then cell attachment was visually scored by a scanner
(ScanMaker i800, MICROTEK, Shanghai, China).

2.7. Quantitative Real-Time Polymerase Chain
Reaction (qPCR)

To establish the difference between SLM-Ti and SLA-Ti
at the molecular level, the respective variations of their
specific gene expressions during osteogenesis were exam-
ined by quantitative real-time polymerase chain reaction
(qPCR) after 7 and 14 days. After 7, and 14 days of
cultivation, the entire mRNA in the cells on the tested
substrates was extracted by TRIzol reagent (Invitrogen)
and converted into cDNA using Revert Aid First Strand
cDNA Synthesis Kit (Thermo). qPCR analysis was car-
ried out with SYBR Green (Roche, USA) on an ABI
7500 RT-PCR machine (Applied Biosystems, USA). All
the processes were implemented in triplicates, and glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) was used
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Table I. Primer sequence (5′-3′� for the quantitative real-time PCR.

Name Forward primer Reverse primer

GAPDH CGACAGTCAGCCGCATCTT CCAATACGACCAAATCCGTTG
Run×2 AGGAATGCGCCCTAAATCACT ACCCAGAAGGCACAGACAGAAG
OCN CTGGTCCCTCAGTCTCATTCC GTCTCTTCACTACCTCGCTGC
Col1a1 AGACACTGGTGCTAAGGGAGAG GACCAGCAACACCATCTGCG

as an internal control for PCR amplification. The specific
primer sequences (5′-3′� used in this study are outlined in
Table I. Primer sets (10 �M final concentration for each
primer) were used in a volume of 20 �L per tube. The ther-
mal profile of the PCR comprised of the following steps:
50 �C for 2 min, 95 �C for 10 min, followed by 40 cycles
at 95 �C for 15 s and 60 �C for 1 min. The comparative CT
(2−CT� method was used to evaluate the differences among
the fold gene expressions of the groups.

2.8. Alizarin Red S Staining and
Mineralization Assays

Staining with Alizarin Red S (ARS) solution (Sigma-
Aldrich) was used to determine the formation of
mineralized nodule after 21 days of osteoinductive dif-
ferentiation. ARS was dissolved in D.I. water at a
concentration of 2 w/v%, and the pH was adjusted to 4.2.
The cells on the substrates were washed with frozen PBS
and fixed in 4% formalin for 10 min. The fixed cells were
further washed with D.I. water to remove any salt residues,
and ARS solution was then added to cover the entire sur-
face of the wells containing the cells. After 20 min incu-
bation at room temperature, the excess ARS was fully
washed off with D.I. water. The calcium deposited on the
substrates of each group was visually scored by a scan-
ner (ScanMaker i800, MICROTEK, Shanghai, China). To
quantify the matrix mineralization, the ARS-stained sam-
ples were immersed in cetylpyridinium chloride (1 w/v%,
Sigma-Aldrich) overnight with shaking to dissolve the
calcium mineral deposited by the cells. 100 �L of the
supernatants were collected and placed in new 96-well cell
culture plates and the OD562 was read by a microplate
reader (Model 680, Bio-Rad).

2.9. Statistical Analysis
All the data are expressed as mean± standard deviation.
A one-way analysis of variance (ANOVA) Tukey post-
hoc test was used to determine the significant differences
among the groups, and p-values less than 0.05 were con-
sidered statistically significant.

3. RESULTS AND DISCUSSION
3.1. Surface Characterization of the Tested Ti

Substrates
As shown in the scanning electron microscopy (SEM)
micrographs (Fig. 1), the surface of the cp-Ti samples

was relatively smooth on a microscopic scale, although
some parallel scratches, presumably originating from
the mechanical polishing process, were detected
(Figs. 1(a–c)). After sandblasting and acid-etching, a large
amount of micropits and microcavities with sharp edges
were formed on the surfaces (Figs. 1(d–f)), resulting in a
rougher honey-comb structure. In the case of the SLM-Ti
printed by Ti powder, the SEM images (Figs. 1(g–i))
showed aggregates of global protuberances produced by
the partial sintering of Ti particles on a microscopic scale
closely bonded to the surface, resulting in a rougher,
granulated surface pattern.
To further validate the SEM results, the average rough-

ness (Ra) measured by laser scanning confocal microscopy
(LSCM) (Fig. 2), was used to quantify the topography dif-
ferences (Fig. 2(d)). In agreement with the SEM results,
the cp-Ti samples were found to have a comparatively
smooth texture with low Ra value (0.27±0.03 �m). After
SLA treatment, randomly distributed irregular wavy peaks
(orange-red) and valleys (blue) were produced, resulting
in an increased Ra value (2.92±0.04 �m). 3D reconstruc-
tions of the SLM-Ti samples revealed the formation of a
closely spaced and irregular lattice layer, which resulted in

Fig. 1. SEM micrographs showing the surface morphology of the tested
titanium discs (cp-Ti, SLA-Ti, and SLM-Ti) under different magnifica-
tions. (a, d, g) 100×; (b, e, h) 500×; (c, f, i) 5,000×.
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Fig. 2. 3D topographical reconstructions of cp-Ti (a), SLA-Ti (b), and SLM-Ti (c) substrates are presented using the laser scanning confocal micro-
scope (LSCM). These images were analyzed with the VK-H1XP software to obtain the values of (d) average roughness (Ra). Data are displayed as
means± standard deviations (n= 10, ∗∗p < 0�01).

a significantly rougher surface (6.02±0.35 �m) compared
to the cp-Ti and SLA-Ti samples (p < 0�01). As con-
firmed by the SEM and LSCM results, the SLM-printed
surface was rougher and had an undulating texture. This
is expected to enhance bone-implant contact and in vitro
cell behavior.15

The implant chemical composition is also an impor-
tant factor of cell-implant interaction.16 The results of the
semi-quantitative X-ray photoelectron spectroscopy (XPS)
analyses (Figs. 3(a–b)) showed that all the disks exhib-
ited major peaks at Ti 2p, O 1s, and C 1s, and also con-
tained traces of N . The predominant elements, Ti and O,
probably originated from the superficial native TiO2 layer,
while the C signals may be attributed to unavoidable expo-
sure to the ambient environment.17 Successful SLA was
indicated by an increase in the O 1s content, and corre-
sponding decrease in the C 1s content from 45.66% to
40.03%, as shown in Figure 3(b). One possible explana-
tion for the slight increase of the N 1s peak is the pres-
ence of small but detectable amounts of impurities, such
as titanium nitride (TiN) on the oxide surface.17 Addition-
ally, a small amount of Al 2p was also detected on the
surfaces of the SLA-Ti samples, corroborating contami-
nation by the Al2O3 grit-blasting particles. There is the
possibility of the residual Al being released into the sur-
rounding tissues, and this could have deleterious effects
on the implant osseointegration. Moreover, the chemical
heterogeneity resulting from the presence of Al and N
may decrease the corrosion resistance of the Ti implant

in a physiological environment.18 Although they had an
elemental composition similar to that of the other sam-
ples, the surfaces of the SLM-Ti samples had higher O
and Ti contents and a lower C content, possibly due to
the formation of a rutile layer after annealing. It has been
reported that rutile is the most thermodynamically stable
phase of crystalline TiO2, and this is expected to afford
better implant corrosion resistance and biocompatibility.19

Further, Figure 3(c) shows typical high-resolution X-ray
diffraction (HR-XRD) patterns of the tested Ti samples, for
detailed examination of the surface compositions. In the
case of the cp-Ti and SLA-Ti samples, the major diffrac-
tion peaks occurred at 2� values of 35.05�, 38.22�, 39.94�

and 52.76�, which were indexed to the (100), (002), (101),
and (102) planes of �-Ti (JCPDS card No. 44-1294),
respectively. In agreement with the XPS results, the SLA-
Ti samples also had additional diffraction peaks of modest
intensity at 2� values of 35.05�, 40.8� and 59.14�, which
were attributed to the (111), (200), and (220) planes of TiN
(JCPDS card No. 74-1214), respectively. In the case of
the annealed SLM-Ti samples, prominent diffraction peaks
were also observed at 2� values of 27.21�, 54.06 � and
56.38�, which corresponded to the (110), (301) and (112)
planes of rutile TiO2 (JCPDS card No. 77-0442). The �-
Ti diffraction peaks in the SLM-Ti samples correspond-
ingly appeared to shift to higher 2� values. This should be
related to the resultant residual stress from high cooling
rate during SLM.
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Fig. 3. XPS survey spectra (a), element composition (b), crystalline structures (c) and contact angle (d) for cp-Ti, SLA-Ti and SLM-Ti substrates.
The insert in the upper-left corner of (a) shows the high-resolution spectrum of aluminum peaks (Al 2p) for all the substrates.

Measurement of the water contact angle is a convenient
strategy for assessing the hydrophilic/hydrophobic prop-
erties of an implant surface. As shown in Figure 3(d),
the pristine cp-Ti disk was relatively hydrophobic with
a contact angle of about 79.38�, which decreased to an
average of 60.03� after the SLA process. The increased
surface wettability may be related to the formation of a
micro/nano-texture during the SLA treatment.20 The water
contact angle of the SLM-Ti samples was even lower, at
46.57�. A positive correlation between surface roughness
and wettability has been previously reported,1�21 and the
enhanced hydrophilicity of the SLM-Ti samples may be
related to their assumed microtexture and increased sur-
face roughness. The formation of a bioactive rutile layer
on the samples by the annealing process, which facilitated
rapid surface hydration, is another essential causal factor
of the decreased contact angle.16

According to previous studies, the surface characteris-
tics of implants, such as roughness, chemistry, and wet-
tability, significantly influence cellular response and bone
apposition.16�22 As a feasible biomimetic method, SLM
printing not only establishes a hierarchical microstruc-
tured surface with enhanced roughness and wettability, but
also eliminates the contamination caused by Al2O3 par-
ticles and acid solution used for the SLA process. As
previously reported, the increased surface roughness and
hydrophilicity of the SLM-Ti samples observed in this
study may work synergistically to yield a microenviron-
ment that is suitable for hBMSCs attachment and prolif-
eration, thus stimulating osteogenic differentiation, which
would improve the success rates of implants.23

3.2. hBMSCs Adhesion and Proliferation on the
Tested Ti Substrates

As the first phase of cell-implant interaction, better adhe-
sion and proliferation enhance the quantity and quality of
the newly formed bone around an implant, thus afford-
ing efficient osseointegration.24 Hence, the suitability of
the different Ti substrates for rapid cell adhesion and
spreading was carefully analyzed by immunofluorescence
staining over 24 h, which is deemed as the “decisive
period” for cell attachment after an implantation. For all
the Ti substrates (Fig. 4(a)), the seeding cells exhibited
typical morphological changes comprising cell attachment,
filopodium growth, cytoplasmic webbing, and flattening of
cell mass,25 similar to the case of the TCP control. After
6 h of incubation, only a small population of spindle-like
hBMSCs were observed on the smooth surfaces of the cp-
Ti samples, and most of the cells were generally round
with few and short pseudopodia. In the case of the SLM-
Ti and SLA-Ti samples, more triangular or polygonal cells
with better cytoplasmic extensions were detected on their
surfaces. Further, with increasing culturing duration of the
SLM-Ti samples, the cells on their surfaces assumed more
polygonal or flatter morphologies and anchored themselves
to the surface through longer dendritic filopodia, indicating
enhanced attachment.
To further explore the long-term cell response, the hBM-

SCs proliferation was examined by CCK-8 assays after 1,
4, and 7 days. Despite all the Ti substrates being inferior to
the TCP substrate, the cells apparently proliferated on the
former throughout the entire observation period (Fig. 4(b)).
In addition, the SLM-Ti and SLA-Ti samples exhibited
higher optical densities compared to the cp-Ti samples

6 Sci. Adv. Mater., 9, 1–10, 2017
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Fig. 4. Cell adhesion and proliferation of the hBMSCs cultured on the cp-Ti, SLA-Ti, SLM-Ti and TCP (control) substrates. (a) Visualization of the
cytoskeleton (green, labeled with FITC-phalloidin) and cell nuclei (blue, counterstained with DAPI) after 6 h and 24 h of seeding. Scale bar: 50 �m.
(b) The cell proliferation was evaluated by CCK-8 assay after 1, 4, and 7 days incubation (n= 3, ∗∗p < 0�01).

(p < 0�01) after 4 and 7 days of incubation, indicating that
the increasing roughness and hydrophilicity was benefi-
cial to cell proliferation. More importantly, the numbers of
the hBMSCs attached to the SLM-Ti samples were about
1.29 and 1.31 times those for the SLA-Ti samples after
4 and 7 days, respectively. These results indicate that the
SLM-printed substrates exhibited better cytocompatibility
compared to the traditionally SLA-treated plates. Artifi-
cial implants with good biocompatibility ideally guarantee
bonding with bone.

Previous works have posited that a rough and
hydrophilic surface enhances adsorption of functional pro-
teins, which are essential prerequisites for cell adhesion
and proliferation.16 Under the current experimental con-
ditions, better hBMSCs adhesion and proliferation were

Fig. 5. Alkaline phosphatase (ALP) staining (a) and quantification (b and c) of hBMSCs cultured on cp-Ti, SLA-Ti, SLM-Ti and TCP surfaces for 7
and 14 days (n= 3, ∗p < 0�05; ∗∗p < 0�01).

observed on the SLM-printed substrates, substantiating the
positive effect of roughness and wettability. The results are
in quantitative agreement with reports that suggest that sur-
face roughness ranging from 0.5 to 8.5 �m enhances cell
behavior.26�27 However, other researchers have insisted that
Ra values of 1–2 �m are optimal, and that an overly low or
overly high roughness may have a negative effect.24�28 Fur-
ther investigation of SLM-printed implants is thus required
to fully establish the suitable physicochemical properties.

3.3. Osteogenic Differentiation of hBMSCs on the
Tested Ti Substrates

To predict early in vitro osteogenesis, the hBMSCs cul-
tured on the tested Ti substrates were assessed for
ALP activity relative to the TCP control. The qualitative
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Fig. 6. The expression of osteogenic genes (Run×2, OCN, Col1a1) in hBMSCs cultured on on cp-Ti, SLA-Ti, SLM-Ti and TCP surfaces for 7 and
14 days (n= 3, ∗p < 0�05; ∗∗p < 0�01).

(Fig. 5(a)) and quantitative (Fig. 5(b)) results showed no
significant differences among the cells in the PM. How-
ever, after culturing in OM, increased ALP staining was
observed (Fig. 5(a)), and there was also an apparently
increased ALP expression as early as 7 days, and this
continued into the 14th day (Figs. 5(b–c)). During the
entire assay period, the ALP activities for the SLM and
SLA samples were significantly higher than those for the
planar control samples (p < 0�01), suggesting that surface
topography stimulated and effectively supported osteogen-
esis. Further, the SLM-Ti samples induced more intensive
expression than the other samples, especially after 14 days,
providing the best conditions for early osteogenic differ-
entiation of the hBMSCs.
In-depth molecular-level investigation is also instrumen-

tal to better understand the interactions between Ti sub-
strates and hBMSCs. Consequently, we further monitored
the variations in the expressions of the osteogenesis-related
genes (Run× 2, OCN, and Col1a1) over 7 and 14 days.
Run× 2 is the master transcription factor and facilitator
of the osteogenic progress,29 enabling the up-regulation of
various downstream bone-related genes such as Col1a1 (an
indicator of the production of organic bone matrix)30 and
OCN (an indicator of the mineralization of organic bone
matrix).30 The relative expressions of these genes can thus
be used to assess the initial performance of an implant and
the biological reaction of tissues.
As can be seen from Figure 6, there were almost no

statistical differences among the sample groups for PM
culturing. In the case of OM culturing, the expression of
the osteo-special genes were substantially up-regulated for
all the groups, with those for the SLA-Ti and SLM-Ti
samples significantly higher for both considered durations

(p < 0�01). It is noteworthy that the expression of OCN
for the SLM-Ti samples was up-regulated approximately
40-fold after 14 days, and was 1.08 and 1.29 times those
for the SLA-Ti and cp-Ti samples, respectively (p< 0�05).
The changes in the expressions of the other two genes
(Run× 2 and Col1a1) correlated well with that of OCN
for all the examined sample groups. These observations
indicate the promotion of osteogenesis by an SLM-printed
substrate.
Extracellular calcium deposition at a late stage is

another critical indicator for osteogenesis, and was inves-
tigated in this study by ARS staining and mineraliza-
tion assays after 21 days of culturing (Fig. 7). There was
obvious increased mineralization in the OM-treated sam-
ples, as revealed by the more intense red staining and
higher ODs. In addition, the SLM substrates had more
pronounced ARS-positive areas than the others, with only
scanty calcium sediments observed on the surfaces of the
cp-Ti samples. The results of the mineralization assays
also revealed that the OM-cultured SLM substrates were
more mineralized than the others, including the SLA sub-
strates (p< 0�05). The observed higher calcium deposition
for the SLM-Ti samples is consistent with previous reports
and evidences the promotion of osteogenic differentiation
of hBMSCs by the samples.
The overall observations of the present in vitro study

clearly demonstrated that the superficial properties of
the SLM substrates were beneficial for the expression
of different signal molecules of osteogenesis, as rep-
resented by the up-regulated ALP activity, the expres-
sion of osteo-related genes, and calcium deposition. The
osseointegration progress was closely associated with
osteogenic differentiation and subsequent mineralization,
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Fig. 7. Alizarin Red S staining (a) and mineralization assay (b) of hBM-
SCs cultured on cp-Ti, SLA-Ti, SLM-Ti and TCP surfaces on 21 days
(n= 3, ∗p < 0�05).

and SLM-based implants with optimal osteophilic char-
acteristics are thus expected to stimulate conductive bone
apposition. Further in vivo scientific and clinical valida-
tion is, however, required to confirm the efficacy of SLM-
printed implants in this regard.

4. CONCLUSION
In this study, SLM substrates with surface properties suit-
able for implants were successfully fabricated, and their
in vitro biofunctionalities were systematically estimated
and compared with conventional SLA-treated samples.
The overall results of the laboratory experiments clearly
showed that the SLM substrates exhibited more favorable
roughness, hydrophilicity, cytocompatibility, and cell inter-
action, as demonstrated by better cell adhesion, prolifer-
ation, and osteogenic differentiation. The findings of this
study afford deeper insight and understanding of SLM-
based implants, and offer critical guidance for the design
of such implants with optimal superficial and biological
properties, which are expected to improve the prospects of
implant dentistry.
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